Flapping flight is the most energetically demanding form of sustained forwards locomotion 18 that vertebrates perform. Flock dynamics therefore have significant implications for energy 19 expenditure. Despite this, no studies have quantified the biomechanical consequences of flying 20 in a cluster flock relative to flying solo. Here, we compared the flight characteristics of homing 21 pigeons (Columba livia) flying solo and in pairs, using high-precision 5 Hz GPS and 200 Hz 22 manoeuvrability when flocking. Overall, the shorter flight distances and increased wingbeat 31 frequency in a pair resulted in a net increase in the aerodynamic cost of returning home, which 32 we estimate was ~14%. Our results demonstrate that flocking costs have been underestimated 33 by an order of magnitude and force reinterpretation of their mechanistic origin. We show that, 34 for pigeons, two heads are better than one, but keeping a steady head necessitates energetically 35 costly kinematics. 36 37 Introduction 40 41 Across the animal kingdom many species travel in groups, from pairs to flocks, shoals, herds 42 and swarms, some containing millions of individuals [1,2]. Indeed, the collective motion of 43 animals produces some of the most spectacular displays of synchronisation and coordination 44 in the world [3]. Commonly cited benefits of collective travel include an improved ability to 45 detect and avoid predators [1,4], enhanced orientational efficiency through the pooling of 46 navigational knowledge [5][6][7][8], and energetic efficiencies derived from fluid dynamic 47 interactions [9][10][11][12][13]. Flocking in birds, in particular, has received considerable attention due to 48 the complex aerodynamic interactions that take place between group members [11][12][13][14]. 49 50 Avian flock formations can be categorised as either line formations or cluster formations 51 [15,16]. Line formations, which include the distinctive 'V' of many long-distance migrants, 52 are utilised by medium to large-sized birds, such as northern bald ibis (Geronticus eremita) 53
tri-axial accelerometer biologgers. Paired flight increased route accuracy by ~7%, but, was 23 accompanied by an increase in wingbeat frequency of ~18%. As expected, paired individuals 24 benefitted from improved homing route accuracy, which reduced flight distance by ~7% and 25 time by ~9%. However, realising these navigational gains involved substantial changes in flight 26 kinematics and energetics. Both individuals in a pair increased their wingbeat frequency by 27 c.18%, by decreasing the duration of their upstroke. This sharp increase in wingbeat frequency 28 caused just a 3% increase in airspeed, but reduced the oscillatory displacement of the body by 29 ~22%, which we hypothesise relates to an increased requirement for visual stability and 30 7 paired and solo flight within the same release. The results for these six releases clearly confirm 139 that wingbeat frequency increases as a direct result of flying in a pair, because the birds' median 140 wingbeat frequency decreased by 1.01 ± 0.30 Hz (mean ± s.d.) after they separated and flew 141 solo (raw values with no covariates; Fig. 2E-H) . 142
143
As previous research has shown that pigeons increase their wingbeat frequency by up to 0.1 144
Hz as flock density increases [14] , we analysed the effect of horizontal inter-individual distance 145 ranging from 0 m (i.e. directly above or below another bird) to 50 m (i.e. the cut off point for 146 flying in a pair) in a random sample of 100 wingbeats from each flight. This subsampling was 147 necessary due to the computational demands of dealing with the otherwise extremely large 148 volume of data. In total, we analysed 45,500 wingbeats from solo and paired flights. The results 149 demonstrate that birds flying with no horizontal spacing did indeed have the highest wingbeat 150 frequency (increase of 1.21 Hz relative to flying solo; 95% CrI [0.81, 1.61], 21.6%), with 151 wingbeat frequency decreasing by 0.011 Hz for every metre increase in horizontal spacing 152 (95% CrI [-0.012, -0.009]). Thus, birds flying 50 m apart had an expected wingbeat frequency 153 0.54 Hz lower than birds flying 0 m apart. Nevertheless, the act of flying in a pair still had a 154 larger overall effect than the distance between (or density of) the birds, which meant that even 155 birds flying 50 m apart increased their wingbeat frequency by 0.66 Hz (11.9%) relative to 156 flying solo. On average, birds flew with a median spacing 12.12 ± 4.76 metres (mean of the 157 means for all pairs ± standard deviation), which equates to a 1.07 Hz increase in wingbeat 158 frequency under the fitted relationship (cf. the 1.00 Hz increase in median wingbeat frequency 159 was over the whole flight) . 160 161 To explore the mechanism underlying this change in wingbeat frequency, we divided each 162 wingbeat into an upstroke and a downstroke phase. We defined these phases with respect to 163 8 the peaks and troughs of the DB acceleration, which results from a combination of aerodynamic 164 and inertial forcing (see supplementary text for further detail). Whereas the dorsal aerodynamic 165 force is expected to peak mid-downstroke when the wing reaches its maximum flapping speed, 166 the dorsal inertial force is expected to peak at the start of the downstroke when the wing's 167 downwards acceleration is maximal. It follows that the maximum DB acceleration will be 168 reached somewhere between the start and middle of the kinematic downstroke, and similarly 169 for the minimum, which will be reached somewhere between the start and middle of the 170 kinematic upstroke. Hence, the downstroke phase, which we define as running from the point 171 of maximum to minimum DB acceleration, is expected to lag the kinematic downstroke slightly 172 (and similarly for the upstroke), but by less than a quarter of a cycle. With these definitions, 173
we found that birds reduced the median duration of the upstroke phase by 20.6% (-27 We hypothesise that a potential function of increasing wingbeat frequency and decreasing 182 oscillatory displacement of the body may be to enhance visual stability when attending to 183 nearby conspecifics. We therefore conducted a second experiment using head-mounted 184 accelerometers on six homing pigeons on short-range flights (950 m), flying solo and in pairs, 185 to determine if the same measured changes in wingbeat characteristics result in increased head 186 stability (see Methods). In close agreement with the first experiment, birds flying in pairs 187 increased their median wingbeat frequency by a mean of 1.10 Hz ± 0.26 relative to flying solo 188 9 (6.6 ± 0.42 Hz mean ± s.d. for pairs; 5.5 ± 0.46 Hz for solo). More importantly, however, the 189 results also show that the median peak-to-peak head displacement simultaneously decreased 190 by 5.3 ×10 -3 m ± 6.6 × 10 -4 between solo and paired flight, representing a 30% reduction in the 191 amplitude of oscillatory head displacement (Fig. 3 ). This substantial improvement in 192 translational head stability is expected to result in a significant reduction in the retinal slip of 193 nearby objects including flight partners. 194 195 In summary, by reducing the duration of their upstroke phase, birds flying in a pair were able 196 to accommodate one additional wingbeat per second, whilst maintaining the same peak-to-peak 197 DB acceleration and simultaneously increasing the vertical stability of the head. Intuitively, a 198 higher-frequency kinematic gait adopted in paired flight will therefore be associated with a 199 higher mechanical power input than the lower-frequency flight kinematic gait adopted in solo 200 flight. Of course, a higher mechanical power requirement in paired flight could still be 201 associated with a lower cost of transport if this increased frequency were more than 202 compensated by an increased flight speed. However, whereas birds migrating in V-formations 203 are known to increase their airspeed as flock size increases [25] , the birds in our study only 204 increased their airspeed by 3.3% when flying in pairs (0.64 m s -1 increase, 95% CrI [0.08, 1.2]). 205
As we now explain, this increase in airspeed is much smaller than could have been expected to 206 be caused by the increase in wingbeat frequency alone, suggesting that there must have been 207 other compensatory changes in the kinematics. 208
209
In cruising flight, the net thrust of the wings balances the drag on the body, which scales as 210 10 wingbeat frequency, and is wingbeat amplitude [26] . Assuming all other things are equal, an 214 18% increase in wingbeat frequency would therefore be expected to produce about a 39% 215 increase in thrust. However, we also know that the time-averaged lift must balance the bird's 216 weight when cruising, and that lift scales as ~+ & in fast forward flight when the 217 contribution of the wing's own flapping speed can be ignored. This implies that the 3% increase 218 in airspeed (i.e 6% increase in & ) would have to have been countered by either a 6% decrease 219 in wing area, or an equivalent decrease in the proportionality constant of the scaling 220 relationship (i.e. the wing lift coefficient). Either kinematic change would be expected to 221 attenuate the thrust similarly, thereby reducing its expected increase to approximately 31%. 222 This is still significantly higher than the 6% increase in thrust estimated on the basis of the 3% span, but is an order of magnitude smaller than the aerodynamic power requirement [27,28] so 231 is neglected here for simplicity. Assuming that the 18% increase in wingbeat frequency 232 between solo and paired flight was accompanied by a 6% decrease in wing area + and by a 233 10% decrease in wingbeat amplitude as required to meet the equilibrium conditions above, 234 then the aerodynamic power requirement (in J s -1 ) would have increased by approximately 25% 235 when flying in a pair. Given the 3% increase in airspeed, it follows that the aerodynamic cost 236 of transport (in J m -1 ) must also have increased by some 21%. However, another key benefit 237 often ascribed to flying in flocks is the ability to pool navigational knowledge. This should 238 improve homing route accuracy [7, 8] , which could offset the increased aerodynamic cost of 239 transport and increased aerodynamic power requirement by simultaneously decreasing the 240 distance and duration of the flight. 241 242 We calculated the birds' route accuracy flying solo and in pairs using a weighted mean cosine 243 of the angle between the birds' heading and destination. Flying in a pair resulted in a 6.9% 244 increase in route accuracy relative to both the Phase 1 and Phase 4 solo releases (0.06, 95% CrI 245 [0.01, 0.10]; Fig. 1 ), and a 6.5% decrease in route length (Table S2 ). This is consistent both 246 with theory[7,8] and with previous empirical studies [5, 6] . Offsetting the 21% higher cost of 247 transport when flying in a pair against the 6.5% reduction in route length, we would expect a 248 net increase of approximately 14% in the total mechanical energy expended when flying home 249 to the loft in a pair. The increase in the total metabolic energy expended could be higher or 250 lower than this, depending upon whether and how the efficiency of the flight muscles varies 251 with flapping frequency, but it is reasonable to assume that an increase in mechanical energy 252 would also be associated with an increase in metabolic energy. Specifically, whereas pigeons have previously been shown to increase their wingbeat 279 frequency by a mere 0.1 Hz with increasing flock density [14] , our results show that the very 280 act of flying with another bird increases a pigeon's wingbeat frequency by 1.0 Hz (18%), which 281 results in an estimated 21% increase in the aerodynamic cost of transport. Although birds flying 282 in pairs were simultaneously able to offset some of the energetic cost by flying more accurate 283 routes home, the increases in route accuracy and airspeed were insufficient to compensate for 284 the increased aerodynamic power requirements, which resulted in a net energetic loss on the 285 order of 14% when flying moderate distances (~7 km) together in a cluster formation. 286
Moreover, the fact that pigeons flying in pairs display a 18% increase in wingbeat frequency 287 over solo flight suggests that the majority of the additional cost comes merely from the act of 288 13 flying with another individual, rather than from the density of the flock, the relative spatial 289 position of the bird, or the size of its partner. Indeed, the size of a bird's partner, and whether 290 that bird was a leader or follower, had almost no effect on its measured wingbeat pattern. Even 291 so, differences in inter-individual horizontal spacing did result in a 0.54 Hz difference in 292 wingbeat frequency between birds travelling 0 to 50 m apart, with this increase ranging from 293 11.9 to 21.6 %, respectively. Thus, the act of flying with a conspecific resulted in a substantial 294 alteration of the wingbeat -even the adoption of a different kinematic gait. As we now explain, 295 not only does this earlier omission mean that the costs of flocking have been massively 296 underestimated -it also means that their mechanistic origin must be re-evaluated. 297
298
Two key hypotheses have been proposed for the increase in wingbeat frequency seen in denser 299 cluster flocks: (i) negative aerodynamic interactions between flock members and (ii) increased 300 need for control and collision avoidance [14] . Whereas a focus on the small effects of spacing 301 within a flock led previous work to hypothesise a possible aerodynamic basis to the costs of 302 cluster-flocking [14] , our work clearly demonstrates that both birds within a pair increase their 303 wingbeat frequency, which suggests that these effects are unlikely to have been related to 304 negative aerodynamic flow interactions, since the bird in front does not fly in the wake of the 305 bird behind. On the other hand, higher wingbeat frequencies can be used to enhance both 306 stability and manoeuvrability [14,29-31]. We therefore hypothesise that the increase in 307 wingbeat frequency is related to paired flight necessitating a greater degree of control, which 308 could come about in two different ways. First, flying with conspecifics may require enhanced 309 manoeuvrability and control because birds need to adjust their orientation continuously and 310 rapidly, both to stay together and to avoid collisions [14] . Second, birds may require enhanced 311 visual stability when flocking, in order to observe and coordinate with individuals whose 312 proximity makes the effects of motion parallax significant [32, 33] . 313 14 314
Birds make kinematic control inputs on a wingbeat-to-wingbeat basis, so increasing wingbeat 315 frequency will increase the rate at which control inputs can be made, enhancing the bird's 316 ability to respond to the movements of others and increasing the precision of its response. expenditure. The overall 9% reduction in homing flight time that we observed represents a 9% 359 reduction in the period over which our birds were exposed to predation risk when returning to 360 the loft. Moreover, not only does the act of flying in a pair dilute the chance of fatality during 361 a predation event by 50%, but the probability that such a predation event is successful decreases 362 as flock size increases, presumably through a combination of increased opportunity for 363 16 vigilance and predator confusion effects [37] . Therefore, for pigeons, the ultimate benefits of 364 flocking, such as protection from predators and the pooling of navigational knowledge, must 365 together outweigh the energetic cost of flying with conspecifics. 366 367 Over longer flight distances or circumstances where an individual has substantially less 368 navigational knowledge than the flock, it is possible that the navigational benefits of flocking 369 might be sufficient to produce a net reduction in the amount of energy expended despite the 370 increased aerodynamic power requirement that we report. In order to gain energetic savings 371 from a 21% increase in the cost of transport (J m -1 ), the homing distance (m) would have to be 372 The birds were tracked using 5 Hz GPS loggers (QStarz BT-Q1300ST, 15 g) and 200 Hz tri-414 axial accelerometers (± 16 g; Axivity AX3, 11 g), which were attached via Velcro strips glued 415 to trimmed feathers on the birds' back. In total, the loggers and fastenings weighed 27 g. To 416 enable subjects to adapt to carrying the additional mass, clay weights were attached to them 417 throughout the pre-training and experimental periods, which meant the weights were attached 418 for a minimum of 43 days prior to the start of the experiment. The weights were exchanged for 419 the loggers immediately prior to each release. GPS and accelerometer data were downloaded 420 using QTravel (Qstarz International Co., Ltd., Taipei the orthodromic (great-circular) distance travelled and birds' final bearing from the previous 452 point were calculated using the haversine formula and forward azimuth, respectively. The 453 dorsal accelerometer measurements were filtered by taking a running mean over three data 454 points (0.015 s). Static acceleration (or gravity) was removed by subtracting a running mean 455 over 15 wingbeat cycles (> 2 s; Fig S5) . The wingbeat frequency (number of wingbeats per 456 second; Hz) and peak-to-peak dorsal body (DB) acceleration (g) using the dorsal acceleration 457 signal (Z-axis) were calculated for each individual wingbeat. The amplitude of the DB 458 displacement (mm) was then calculated by the double integration of dorsal accelerometer 459 measurements [14, 20] . In addition, we calculated the duration of the "downstroke" from the 460 peak downstroke force (maximum g-force) to the lower reversal point (minimum g-force). The 461 "upstroke phase" duration, which included the start of the downstroke, was measured from 462 minimum g-force to the maximum. We used the maximum and minimum g-force peaks to 463 20 divide the wingbeat for consistency, as the start of the kinematic downstroke was not 464 airspeed (m s -1 ) was also added as a covariate on all models except for models of airspeed. We 528 used airspeed rather than ground speed as a covariate because ground speed and wind support 529 were correlated (Fig. S5) . In terms of the response variable, there was almost no difference 530 between the models of airspeed and ground speed as the model accounts for the effect of wind 531 (0.64, 95% CrI [0.08, 1.20] compared to 0.69, 95% CrI [0.10, 1.28]). For consistency with the 532 covariates, we present the results of the model for airspeed. A covariate indicating whether the 533 bird was a leader or follower was also added to the model in a secondary analysis to determine 534 the effect of the birds' position on wingbeat frequency. 535 23 536
In addition to modelling the median values, we also took a random sample of 100 individual 537 wingbeats to analyse the effect of horizontal distance between birds in pairs. We analysed 538 horizontal distance rather than three-dimensional distance because GPS precision is generally 539 poorer in the vertical than the horizontal [42] . Horizontal distance (m) was added as a covariate 540 to the paired data, along with a categorical covariate identifying the specific bird and flight to 541 account for the repeated measures of 50 wingbeats from one flight. In total, 44,500 wingbeats 542 from 454 unique bird and flight combinations were analysed. 543
544
To investigate whether the birds were flying in phase, we used the following model to identify 545 whether the median wingbeat frequency of the follower ( _ t ) is related to the leader ( _ u ) in 546 pair ( ): 547
We also investigated whether the difference between the leader and follower's tarsus length, 550 body mass or solo airspeed ( ) predicted why the bird was a leader ( ) in the pair using a 551
Bernoulli regression: 552
The model priors were centred on the null hypothesis using the mean, standard deviation and 555 square root standard deviation of the solo data (Table S4) We approximated the number of wingbeats difference between the solo and paired flight using 572 the total flight distance (excluding the 200m take-off and landing) and the model results from 573 route accuracy, airspeed and wingbeat frequency (Table S2) We used a custom-built 'p-Sensor' to simultaneously record head movement and position. The 594 p-Sensor included an IMU with a combination of a tri-axial gyroscope, tri-axial accelerometer 595 and tri-axial magnetometer recording at 60 Hz, and a GPS logger recording at 10 Hz. The IMU 596 was mounted using double-sided tape onto a custom-made and custom-fitted wire mask 597 designed to fit each bird's head. The GPS logger, SD card, battery and microcomputer were 598 placed in an elasticated backpack on the birds back. The instrumentation, mask, and backpack 599 weighed 28.1 g and constituted 4.9 % of the body mass of the smallest bird, of which the IMU 600 unit on the bird's head only weighed 1 g. For more details, see Kano et al. [36] . 601 602 All birds were habituated to wearing the custom-made mask for at least seven days prior to the 603 flight. For each day of habituation, the bird was fitted with a mask and carefully monitored for 604 two hours within its home loft for signs of discomfort and abnormal patterns of locomotion. 605
After seven days of habitation in the loft, the pigeons were released outside the loft and allowed 606 to fly freely under close observation. percentiles and the whiskers extend to the most extreme data points. Note that there is no 776 overlap between the median head displacements in the two conditions. 777
